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Abstract
In metal working processes, the use of mineral, synthetic and semi-synthetic cutting fluids have gained widespread acceptance.
However, the harmful effects and high risk of life threatening occupational hazards to the machinists as well as causing
environmental degradation is discouraging to continue its use in the near future. In this work, micro algal oil, as a potential 
candidate for producing high performance metal working fluid is investigated. The preliminary constituent of base oil is
produced using solvent extraction method with optimized reaction parameters. Further, secondary formulation technique of 
additives for improving the performance related parameters like extreme pressure wear resistance, corrosion resistance and 
thermal-oxidative stabilities was incorporated. It is found from this investigation that, the critical tribological performance 
influencing properties such as higher shear stability, low temperature stability and corrosion resistance are higher in chemically
modified algal oil as compared to vegetable oil based metal working fluid.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the organizing and review committee of IConDM 2013.
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1. Introduction
With the growing rate of industrialization, metal working fluids, commonly known as cutting fluids, continue to
be extensively used in machining industries even after the development of advanced processing techniques such as
MQL and dry machining [1]. Due to the pressure from global energy authorities and environmental protection
agencies, development of bio based alternatives to the presently cutting fluids has gained worldwide importance,
making green manufacturing –a philosophical process. MWFs are primarily used for three reasons – viz; to remove
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
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heat during machining operation, to provide lubricating effect and to facilitate faster chip removal from the 
machined zone. While MWFs enhance the tool life and reduce the cost of machining operation, it is posing a very 
serious threat to the health and safety of machinists as well as to the environment. The entry and dominance of 
new, modified, cost effective petroleum and synthetic chemical based cutting fluid has still worsened this 
condition. A study conducted by the Occupational Safety and Health Administration (OSHA) agency reveals that 
the detrimental effects of the conventional lubricants, till date, has given rise to sixty three identifiable health 
hazards such as skin infection, allergy, acute respiratory disorders etc.[2] Another major problem associated with 
this, is the disposal of cutting fluids to the environment. The discharge of these non-biodegradable cutting fluids 
can widely affect the environment due to hazardous metal carry-off, reduction of nutrients in the soil and oxygen 
depletion. 
In this paper, a novel idea of developing a cutting fluid from microalgae oil has been overlooked. 
Although there are a large number of vegetable oil based cutting fluids [3] available in the market, the 
sustainability of its production is questionable due to factors such as farm land utilization where food crops are 
cultivated and soil fertility depletion. These challenges have encouraged researchers for the development of a more 
sustainable bio based alternative. The use of algae based third generation bio-lubricants allows effective utilization 
of industrial waste water and sewage sludge material, which is otherwise hazardous to the aquatic fauna when 
discharged to the surrounding environment. The present study includes analytical methods of biomass production, 
oil extraction, additives requirement and identification of performance related characteristics. The study of 
performance influencing properties is limited to viscosity index, temperature-viscosity behaviour, oxidative 
stability and thermal stability [4]. 
 
Nomenclature 
ASTM american society for testing and materials 
BOD  biochemical oxygen demand 
COD chemical oxygen demand 
HPLC high performance liquid chromatography 
ICOT iron catalysed oxidation test 
MWF metal working fluid 
MQL minimum quantity lubrication 
PBR photo bio reactor 
TGA thermo gravimetric analyser 
UAE ultrasonic assisted extraction 
2. Materials and Methods 
2.1. Algal biomass production 
The marine microalgae, Nannochloropsis (NC) sp. is selected for the present investigation. Microalgae are 
selected due to its ability to fix enhanced quality of lipids. The large scale production of microalgae to obtain 
biomass has been carried out with open culture pond technology using pilot scale raceway ponds in a volume of 
10,000litres. Prior to pond cultivation, bio chemical profile was studies using spectrophotometric method and 
results are indicated in table 1. The investigation confirmed the adaptability of a particular type of algal species in 
the waste water effluent media on a daily basis. The biomass productivity in each day for the best nutrient 
enrichment condition was monitored. Based on this information, the harvesting was carried out within the date at 
which the maximum production of biomass has been noted. With the availability of adequate supply of nutrients 
[5, 6] and favourable atmospheric conditions, the analysis yielded a biomass concentration of 1g/l in the waste 
water effluent media. 
.  
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(a)                                                (b)  
                        
Fig.1(a) Identified Nannochloropsis sp.; (b) Lab scale cultivation of microalgae. 
                                           (a)                                                        (b) 
                                  
Fig.2(a) Open pond culture; (b) Harvested and dried biomass. 
Table.1. Biochemical profile of microalgae 
Analyzed Quantity Adopted Method Optical Density 
Protein Lowery, 1962 [7] 0.205 @ 650nm 
Carbohydrate Dubois, 1956 [8] 0.150 @ 490nm 
Total Lipids 
Pigment 
Moisture content 
Folch, 1957 [9] 
Lichtenthaller, 1987 [10] 
Ash Free Dry Weight [11] 
0.050 @ 520nm 
0.256 @ 665nm 
50% 
2.2. Oil extraction and formulation 
One of the principal barriers to take complete advantage of the lipid producing species is the extraction of 
oil from the cell biomass. Table.2 shows some of the recent analytical extraction methods and their corresponding 
potentials to extract oil [12]. In this work, solvent expeller extraction process using soxhlet apparatus is chosen due 
to its low cost and availability of standardized procedures [13]. 100g of dried biomass was taken; the cell walls of 
the species were mechanically disrupted using grinding to enhance the secretion of oil from cell wall during 
solvent extraction process. Then, 1000ml of solvent mixture of Choloform:Methanol in a 2:1 (v:v) ratio was 
refluxed for 4-6hours at a flask temperature of 50°C. 10g of waxy oil (Fig.4.a) was obtained from every 100g of 
biomass, from a total of 5kg of wet biomass taken for extraction. The waxy substance, extracted was chemically 
refined to yield stable, less viscous algal oil (Fig.4.b) using four conditioning process-namely degumming, 
bleaching, deodorization and removal of phospholipids.  
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Fig.3 Schematic of oil extraction process
Purity of the product and the fatty acid profile of algal oil to be chemically modified were quantified using
HPLC. The physical and chemical properties of the refined algal oil were analyzed using standard test methods,
Harvested wet biomass
Shade drying of 100g
Enhancement of cell wall lipid production by Pestle & 
Mortar method with few drops of methanol for 15min
Soxhlet extraction at 50°C with 1000ml for 4-6 hrs 
Chloroform: Methanol 2: 1 
Rotary evaporation with vacuum flask;
Solvent separation
De-gumming with weak acid at 80°C bleaching with 
bleaching clay for 15-20min at 95°C
De-odourization
Refined Oil
Chemically modified oil (Additization)
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and are reported in table.3 [14]. The analysis of specific gravity, as per ASTM D5355 can done using a suitable 
density/specific gravity meter using the method of resonant frequency detection in a measuring range of 0-3g/cm3 
[15]. Typically, the concentration and density of the candidate oil is plotted against a known concentration of 
liquid, at a measurement temperature of 15°C. When density of a sample of which concentration is unknown is 
measured, the results are converted to unit like % or ppm. For the acid value determination using ASTM D1980-87 
[16], calculated quantity of reagents such as phenolphthalein indicator, sodium hydroxide (NaOH) titrant, ethanol-
ether solution are taken and further, subjected to titration process. The concentration of the NaOH titrant is 
calculated according to equation 1.  
 
                                                     = ( × × 1000)/ ( × )                                                                        (1) 
  
Where, C = Molarity of sodium hydroxide titrant (ml/L) 
            V = Volume of sodium hydroxide titrant used (mL) 
            M = Molecular weight of potassium hydrogen phthalate (204.22 g) 
            W = Weight of potassium hydrogen phthalate used (g) 
             P = Purity of potassium hydrogen phthalate (%) 
           
The saponification value (mg/g) (ASTM D5558) measurement is carried out using heating with calculated quantity 
of alkali ethanol for 30 minutes, followed by titration. Finally blank test is repeated for 3 times, to obtain the mean 
value of titration [17]. 
                                             = ( ) ( 1 1)/                                 (2)                
                           
 
Where, BL = Blank level (mL) 
            V   = Titration volume (mL) 
            TF = Reagent factor 
                 C1 = Concentration conversion co-efficient  
    K1= Unit conversion co-efficient (1) 
    SIZE = sample size (g) 
 
Similarly the determination of iodine value has been done by dissolving a given quantity of oil in carbon 
tetrachloride with a suitable reagent and left in dark for reaction. Then potassium iodide is added with calculated 
quantity of sodium thiosulphate for titration. The iodine value of oil sample is calculated from the titration volume 
of sodium thiosuplhate [18].  
It is understood that, although algae oil costs relatively more than other biofuels, it is an undisputed fact 
that algae can yield higher energy per hectare than any other biofuel crop. This is due to the fact that almost the 
entire algal organism can use sunlight during photosynthesis to produce oil. 
Table.2. Some common methods of oil extraction in NC sp., and their effectiveness at recovering lipid products 
Extraction Method Recovered Oil (%) Dominant Fatty Acid % in 
Recovered Oil 
Reference 
SC-CO2 25 EPA –32.1 
Palimitic-17.8 
[19] 
Bligh & Dyer (wet) 21 Palmitoleic -28.3 [12] 
Soxhlet  
UAE 
16 
27 
Palmitic -25 
Palmitoleic -20.38 
[13] 
[20] 
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Table.3. Physico-chemical characteristics comparison of algae oil and vegetable oil 
Property (Unit) Test Method Algal Oil [21,22] Vegetable Oil 
(Soybean) 
Extractable oil percentage (%) - ~50  19 
pH pH analyzer 7 6.8 
Specific gravity @ 15°C 
Acid value (mg KOH/g) 
Saponification value (mg KOH/g) 
Iodine number (mg I2/100g of oil) 
Peroxide value (mEq/kg of oil) 
ASTM D5355 
ASTM D1980-87 
ASTM D5558 
ASTM D5768-02 
ASTM D3703 
1.305 
2.5339 
173.56 
52 
5 
0.92  
2.805 
190 
132 
4.62 
 
(a)                                                             (b)  
                                   
Fig.4. (a) Non-refined algal oil, as a waxy substance; (b) Refined base oil  
Acid values describe the free fatty acid content in the oil. It thus suggests the susceptibility of oil to 
spoilage. The saponification value tells us about the soap forming tendency of a chemical substance, while the 
iodine numbers are pointers to indicate the susceptibility to oxidation. It is a direct measure of the amount of 
average degree of unsaturation present in the compound. And, peroxide value describes about the anti-oxidant 
behaviour of a chemical substance. 
2.3. Additives addition 
The chemical additives used to formulate cutting fluids helps to provide additional functions such as 
emulsification ability, corrosion resistance to the metal, lubrication effect to minimize frictional wear, microbial 
control during storage, anti-wear and extreme conditions workability. While some of the additives used for our 
formulation have been derived from fatty acids, others are chemically synthesized organic substances. The reason 
for the reduced potential of some parameters is mainly because of the triglyceride structure of the algal oil.  
However, a few important properties such as biodegradability, viscosity index and low temperature stability of 
algal oil are reported to be superior than the food crop based oils. This may be likely due to the reason that algal oil 
is rich in poly-unsaturated fatty acids. 
Table.4. Preferred additives for algal oil based MWF 
Additives Chemical Name Property Improved 
Corrosion inhibitor complex of Amide Carboxylate High temp. corrosion protection 
Extreme pressure (E.P.) Neutral Calcium  Dinonylnaphthalene Adhesive wear protection 
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additive Sulfonate 
Emulsifier 
Biocide 
De-foamer 
Anti-oxidant 
Sodium Stearate 
Benzalkonium Chloride 
Silicone Polymer Emulsion 
4,4'-methylenebis(2,6-di-tert-
butylphenol) (MBP) 
Stabilizes oil in water emulsion 
Prevention against bio fouling 
Anti-foaming nature 
Improves shelf life 
 
 
The use of emulsifiers and stabilizers as additives was particularly helpful for algae like semi-synthetic type oil, 
in carrying the EP additives to the surface, thus producing effective lubricating films. 
2.4. Performance Evaluation 
Some of the useful industrial standards for evaluation of cutting fluid’s performance and the comparison of 
common parameters between the algal oil and vegetable oil are indicated in table.4.  The viscosity index (VI) of 
the candidate oils, analyzed using the specified ASTM D2270 test procedure is calculated by measuring the 
viscosity at 40°C and 100°C [23]. For each viscosity at 100°C (say Y), two parameters, namely L and H are 
yielded. L is the 40°C viscosity of oil having the same 100°C viscosity as the test oil, but with the VI=0. H is the 
40°C viscosity, also with the same 100°C viscosity, but with a VI=100.  The VI of the oil being considered is 
defined by the relationship of its 40°C viscosity (say U), as shown in equation 3. 
 
                                                 = 100 × ( )/( )                                                                        (3) 
 
It is noted that, since the viscosity index of algal oils is very high, their use as neat cutting oil or straight oils 
would be the best suitable recommendation. Flash points have been determined using the Cleveland open cup 
apparatus, as specified by the ASTM D92 test method [24].  This apparatus consists of test cup, heating plate, test 
flame applicator, heater and supports. The device for applying the test flame, it is suggested that the tip be 
1.6±0.05mm in diameter at the end, and the orifice be approximately 0.8±0.05mm in diameter. The device for 
operating the test 
ame applicator may be mounted in such a manner as to permit automated duplication of the sweep of the test 
t it 
swings in a plane no greater than 2 mm. above the plane of the rim of the cup. It is desired that a bead, having a 
can be compared to it. Any convenient devices to permit accurate temperature measurement and permit easy 
removal of the device from the test cup can be used.  Similarly, the other parameters are also analyzed as per the 
standard test protocols specified by the ASTM. 
Table.5. Comparison of critical performance evaluation test parameters between algal oil and vegetable oil 
Parameter Standard ASTM 
Test Method 
Algal Oil Vegetable Oil 
(Soybean) 
Viscosity Index 
Kinematic Viscosity @ 40°C 
Kinematic Viscosity @ 100°C 
Flash Point 
Pour Point 
D2270 
D445 
D445-95 
D92 
D5949 
223 
6.2 
7.1 
312°C 
< -5°C 
192.45 
4.5(mm/s2) 
9.14 
320°C 
< -5°C 
Refractive Index 1747-09 1.4 1.3 
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ICOT score 
NAOCK volatility 
Tapping Torque Efficiency 
Oxidative Stability Index @110°C 
D7462-11 
6375-05 
D5619 
D130 
48hrs 
to be tested 
expected 120% 
96 
50 hrs 
3.6% 
112% 
50 hours 
 
In order to assess the oxidative stability of the cutting fluid over its lifetime ICOT score is used.  ICOT defines 
the oxidation resistance of a cutting fluid at 170°C under an aeration rate of 10L/h using a 60ppm catalyst of iron 
acetylacetonate (C15H25FeO6). Similarly, the NAOCK volatility test was used to determine the evaporation loss of 
lubricants in high temperature service. The more the fluid vaporizes the thicker and heavier they become, 
contributing to poor circulation and thus increases frictional wear effect during machining process. Finally, to 
evaluate the performance of cutting oils on the tool life, cutting efficiency and machinability of metals, the tapping 
torque test method is used. In this test procedure, the tapping torque machine uses a high precision tap and a wide 
range of reproducible nut blanks in cutting operations. It is understood by the study that the concentration of wear 
particles decreased in ester based formulations of algae oil as compared to mineral oil, even at higher RPM 
machining. The higher shear stability of such bio-lubricants helps to carry off the effects of prominent shear stress 
at the time of machining. This high stability is due to the fact that their viscosity index is much higher than that of 
the petroleum based oil. Another reason why algal oil performs better than mineral oil is due to the presence of 
oxygen containing functional groups in the triglyceride structure, which helps it get tightly adhered to the surface 
of the metal and thus carries away the heat swiftly. 
 
Not limited to the above stated methods, the other test procedures that can be used to evaluate the quality 
of machined surface based on cutting fluid performance are scuffing test, scratching test, micro pitting test, 
stribeck curve plot, maximum flank wear, chip formation rate, and grinding ratio (G-ratio) [25-27]. 
3. Conclusion 
The experiment conducted with algal oil as an effective substitute to the currently used vegetable and mineral 
based cutting fluids, revealed the following facts: 
 Micro algal farming has a vast potential to be combined with flue gas CO2 mitigation in addition to the 
effluent waste water management, thereby producing highly sustainable and valuable industrial lubricants 
with cleaner carbon foot prints.  
 Technological developments such as PBRs, mechanical drying and automated nutrition enrichment 
process would be helpful to further increase the production of algal biomass in these waste water media.  
  Newer research directions have been identified in terms of replacing the organic/in-organic additives with 
alternative bio materials for improving MWF properties during extreme working conditions. 
 With the effect of chemically modified algal oil, there is an increase in performance during machining due 
to certain properties like high shear stability, enhanced cold flow properties and better corrosion 
resistance. 
 It is found that, there is a strong need to promote further studies in the areas of standardising the correct 
blending ratios of algal oil cutting fluid, to be used for different machining applications. 
 Although the physicochemical properties of algal oil are nearly equivalent to that of vegetable oil based 
MWFs, it requires advanced testing of tribological behaviour such as Hydrophilic Lyophilic Balance 
(HLB), mist formation ability, air quality measurement and BOD/COD ratio of algae cultivated waste 
water discharge to calculate the overall sustainability index of this green manufacturing process 
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